Abstract-We demonstrate silicon-on-insulator based high speed modulators working at a wavelength of 1950 nm. The carrier-depletion Mach-Zehnder interferometer modulator operates at a data rate of 20 Gbitls with an extinction ratio of 5.8 dB and modulation efficiency (V" L" ) of 2.68 Vcm at 4 V reverse bias.
I. INTRODUCTION
We are facing the risk of a "capacity crunch" as we are approaching the theoretical capacity limit of conventional single mode fibres (SMFs) [I] . Hollow-core photonic bandgap fibres (HC-PBGF) show lower predicted loss and nonlinearity than the best SMF. Its lowest loss is calculated at 2 /lIIl [2] , which opens a new wavelength band for telecommunications [3] . In the meantime, such a wavelength coincides with the gain window of thulium-doped fibre amplifiers (lDFA), and in addition, at this wavelength one can take advantage of the integration capability of silicon photonics. While a 20 Gbit/s silicon photonics based detector at 2 /lIIl has been demonstrated [4] , there have been few modulators. Previously only IBM has shown a 3 Gbit/s carrier injection SOl modulator at 2 /lIIl. In this paper we present state of the art silicon photonics based high speed modulators operating at up to 20 Gbit/s.
II. SIMULATION & DESIGN
Silicon is predicted [5] to exhibit a stronger free carrier effect at 2 /lIIl than at both 1300 nm and 1550 nm. We have designed Mach-Zehnder interferometer (MZI) modulator using PN junction phase shifters. The phase shifter response is analysed by a combination of electrical device simulation using Silvaco TCAD tools and optical device simulation using a MATLAB based waveguide mode solver [6] . 
III. EXPERIMENTAL SETUP
As most 1300/1550 nm equipment is incompatible with the 2 /lIIl wavelength, expanding the measurement capability to 2 /lIIl requires some bespoke 2 /lIIl equipment: an EOT ET-5000 high speed 2 /lIIl InGaAs detector (rated bandwidth of >12.5 GHz and peak responsivity of 1.3 A/W at 2000 nm); an amplified Thorlabs low speed 2 /lIIl InGaAs detector; Thorlabs SM2000 silica fibres; and a Thorlabs TLK-Ll950R tunable laser (1890 nm -2020 nm). We have also used a lDFA to increase the optical power (about 13 dB gain), similar to [7] . During the high speed testing, a pseudorandom binary sequence generator (PRBS) is used to generate a bit sequence. The high speed electrical signal is then amplified and applied to the device with an RF probe. A bias tee is used to combine DC bias and high speed RF signal.
Compared to the conventional 1300/1550 nm setup, there are limitations in the 2 /lIIl system. The high speed detector had a nominal bandwidth of >12.5GHz, limiting the speed at which we could measure the modulator to around 20 Gbit/s and with reduced extinction ratio. A signal faster than 20Gbit/s cannot operate with the detector. (a) 20 Gb/s, ER =10.3dB (b) 30 Gb/s, ER =7.1dB 
IV. RESULTS AND ANALYSIS
We tested and confirmed that the device transmits and modulates at both 1550 nm and 1950 nm. The modulation efficiency (V7fL7f) at a reverse bias of 4 V is 2.02 Vcm at 1550 nm and 2.68 Vcm at 1950 nm. The experimental phase shift for the measured MZM that comprises a 1.5 mm long phase shifter is shown in figure 4 . It can be seen that the response agrees reasonably well with the simulation predictions for both wavelengths.
(a) 1550nm Wavelength 13 dB which is significantly higher than was measured at 1550 nm (4 dB). The difference can be attributed to loss from metal absorption in areas where the waveguide passes directly below the metal layer. The vertical separation between the top of the Si waveguide and the bottom of the metal layer is only 600 nm and because the optical mode at 1950 nm is substantially larger, there is greater overlap with the metal. Because of the bandwidth limit of the detector we were unable to obtain an eye diagram for data rates greater than 20 Gbit/s at 2 /lIIl wavelength, but since the bandwidth of the PN junction should be very similar at both wavelengths, we expect that the modulator can operate at higher data rates. The high speed RF characterization is performed by applying a DC bias of -2.5 V and an amplified highspeed 2 7 -1 psuedorandom-bit-stream OOK signal with a peak-topeak amplitude of 4 V. At 1950 nm, an open eye is obtained at 8 Gbit/s with an extinction ratio of 7.6 dB and 20 Gbit/s with extinction ratio of 5.8 dB, as shown in figure 5 . At 1550 nm, the device modulates at 20 Gbit/s with an extinction ratio of 10.3 dB, as in figure 6(a) , and 30 Gbit/s with an extinction ratio of 7.1 dB, as in figure 6(b) .
According to the simulation, the MZM should give similar RF performance for both 1550 nm and 1950 nm wavelengths. The power budget of the system however is lower at 1950 nm, which renders the eye diagram at 1950 nm noisier than at 1550 nm. The insertion loss of the device at 1950 nm is measured as
